Previous studies have shown that the protozoan parasite Blastocystis exhibits apoptotic features with caspase-like activity upon exposure to a cytotoxic monoclonal antibody or the anti-parasitic drug metronidazole. The present study reports that staurosporine (STS), a common apoptosis inducer in mammalian cells, also induces cytoplasmic and nuclear features of apoptosis in Blastocystis, including cell shrinkage, phosphatidylserine (PS) externalization, maintenance of plasma membrane integrity, extensive cytoplasmic vacuolation, nuclear condensation and DNA fragmentation. STS-induced PS exposure and DNA fragmentation were abolished by the mitochondrial transition pore blocker cyclosporine A and significantly inhibited by the broad-range cysteine protease inhibitor iodoacetamide. Interestingly, the apoptosis phenotype was insensitive to inhibitors of caspases and cathepsins B and L, while calpain-specific inhibitors augmented the STS-induced apoptosis response. While the identities of the proteases responsible for STSinduced apoptosis warrant further investigation, these findings demonstrate that programmed cell death in Blastocystis is complex and regulated by multiple mediators.
INTRODUCTION
Programmed cell death (PCD) has long been recognized as an essential process to eliminate unwanted or damaged cells and thus ensure normal growth and development in multicellular organisms (Baehrecke, 2002; Hengartner, 2000) . It was assumed that PCD arose with multicellular organisms (Vaux et al., 1994) . However, considerable experimental evidence supports the existence of PCD in unicellular eukaryotes. These include non-parasitic organisms, such as yeast (Madeo et al., 2002) , the free-living slime mould Dictyostelium discoideum (Arnoult et al., 2001; Cornillon et al., 1994) , the free-living ciliate Tetrahymena thermophila (Christensen et al., 1998; Kobayashi & Endoh, 2005) and the dinoflagellate Peridinium gatunense (Vardi et al., 1999) . In parasitic organisms, PCD has been described in the kinetoplastid trypanosomes (Ameisen et al., 1995; Welburn et al., 1996) and Leishmania (Arnoult et al., 2002; Bera et al., 2003; Zangger et al., 2002) , the apicomplexan parasite Plasmodium (Al-Olayan et al., 2002; Deponte & Becker, 2004) , Tritrichomonas (Mariante et al., 2006) and Blastocystis .
Unicellular protozoan parasites cause a wide variety of human diseases. The current treatment of these infections is being challenged by an increasing incidence of drug resistance and a lack of effective vaccines (Croft et al., 2006; Fidock et al., 2008) . The investigation of PCD pathways in these organisms might lead to the discovery of novel parasite control strategies (Alvarez et al., 2008; Deponte & Becker, 2004) . However, despite the many morphological and biochemical studies of PCD in protozoan parasites, most of the homologues of mammalian molecules involved in cell death signalling are missing in the protozoa, and the molecular architecture of PCD in protozoan parasites therefore remains puzzling.
Blastocystis is a unicellular protozoan parasite found in the intestines of humans and many animals (Tan, 2004 (Tan, , 2008 . It is transmitted through the faecal-oral route and is prevalent in areas with poor hygiene, and deficient sanitation services and facilities. The pathogenicity of this organism is still controversial due to the variability of diagnostic tests and our lack of understanding of the differences in virulence among subtypes (Stensvold et al., 2009) . Nonetheless, growing evidence suggests that Blastocystis can be an opportunistic pathogen in immunocompromised individuals (Andiran et al., 2006; Cirioni et al., 1999; Tasova et al., 2000) . Previously, our laboratory has shown that Blastocystis displays characteristics of PCD when treated with a surface-reactive cytotoxic monoclonal antibody or metronidazole, a drug commonly used to treat Blastocystis infections in humans (Nasirudeen et al., 2001b .
The present study reveals that staurosporine (STS), which can induce apoptosis in all mammalian cells and the pathways of which have been extensively studied (Weil et al., 1996; Zhang et al., 2004) , can also induce PCD in Blastocystis. Furthermore, the apoptotic mechanisms and regulation of this STS-induced cell death pathway in Blastocystis are described.
METHODS
Culture of organism. Blastocystis subtype 7 (previously known as Blastocystis hominis isolate B) was isolated from a local patient stool sample and axenized (Ho et al., 1993) . Cells were cultured in Iscove's modified Dulbecco's medium (IMDM) containing 10 % inactive horse serum and incubated anaerobically at 37 uC in an Anaerojar (Oxoid). Cells were subcultured at 3-4 day intervals and 4 day old cells at exponential phase were used for all experiments.
Treatment with STS to induce cell death. Cells were cultured into IMDM at a concentration of 2610 6 cells ml
21
. STS (1 mM stock in DMSO, Sigma) was then added to a final concentration of 1 mM, and the cells were incubated with STS for 3 or 12 h for flow cytometry analysis and ultrastructural studies. A necrotic control was done by heating cells at 80 uC for 15 min. Protease inhibitors or cyclosporine A (CsA) were added 30 min before the addition of STS in some experiments. The protease inhibitors used were: N-benzyloxycarbonylVal-Ala-Asp(O-Me) fluoromethyl ketone (z-VAD.fmk); Z-Phe-Ala fluoromethyl ketone (z-FA.fmk); Z-Phe-Phe-fluoromethyl ketone (z-FF.fmk); (L-3-trans-(propylcarbamyl)oxirane-2-carbonyl)-L-isoleucyl-L-proline methyl ester (CA-074Me); Z-Leu-Leu-Leu-fluoromethyl ketone (z-LLL.fmk); N-acetyl-L-leucinyl-L-leucinyl-L-norleucinal (ALLN); epoxomicin; and (2S,3S)-trans-epoxysuccinyl-L-leucylamido-3-methylbutane ethyl ester (E64D) (all were obtained from Sigma, diluted in DMSO, and used at 50 mM unless otherwise stated). Iodoacetamide (IA) was purchased from Bio-Rad and diluted in water. CsA (Sigma) was diluted in DMSO and used at 10 mM.
Annexin V-FITC and propidium iodide (PI) staining. Membrane permeability and exposure of phosphatidylserine (PS) were analysed using an Annexin V-FITC apoptosis detection kit (BioVision) following the manufacturer's instructions. In brief, cells treated with STS for 3 h alone or in the presence of various inhibitors as described above for 3 h were washed with cold PBS and resuspended in 500 ml calciumcontaining binding buffer. Annexin V-FITC and PI (5 ml of each) were added to the cell suspension and incubated at room temperature for 10 min. The cells were analysed by a flow cytometer (Dako CyAn ADP) with a 488 nm argon-ion laser. Annexin V-FITC was detected using an emission filter of 530/40 nm and PI was detected using an emission filter of 613/20 nm. Alternatively, cells were mounted on a glass slide with a coverslip and examined with a fluorescence microscope (Olympus BX60) using a 495 nm excitation filter and a 525 nm emission filter for Annexin V-FITC, and 577 nm excitation filter and 590 nm emission filter for PI. The images were captured by a charge-coupled device (CCD) camera (Olympus DP70) connected to the microscope.
Terminal deoxynucleotidyl transferase-mediated dUTP nickend labelling (TUNEL) assay. TUNEL was performed using an APOBrdU kit (Invitrogen). In brief, cells treated with STS for 12 h alone or in the presence of various inhibitors as described above for 12 h were harvested, washed with cold PBS and fixed with 1 ml 3.7 % (v/v) formaldehyde on ice for 30 min. After two washes with PBS, the pellet was resuspended in 1 ml 70 % cold ethanol at 220 uC for 30 min to permeabilize cells. The cells were washed and incubated with 50 ml labelling solution containing 5-bromo-29-deoxyuridine 59-triphosphate (BrdUTP) and terminal deoxynucleotidyl transferase at 37 uC for 1 h. After rinsing, cells were stained with AlexaFluor 488-conjugated antibromodeoxyuridine (BrdU) antibody at room temperature for 30 min. The cells were washed, resuspended in 500 ml PBS and analysed by a flow cytometer (Dako CyAn ADP) using a 488 nm argon-ion laser. Green fluorescence was detected using an emission filter of 530/40 nm.
Transmission electron microscopy (TEM). The ultrastructural features of Blastocystis cells under various treatments were examined using TEM. Briefly, cells were fixed with 2 % glutaraldehyde and 2 % paraformaldehyde in PBS for 3 h at 4 uC. The cells were then pelleted at 1000 g for 5 min, washed twice with PBS and twice with deionized water. After each washing step, cells were spun at 1500 g and the supernatant was discarded. Cells were then post-fixed for 2 h with 1 % osmium tetroxide containing 1 % potassium ferrocyanide at room temperature, followed by dehydration with a graded ethanol series, infiltration and embedding with LR White resin. Ultrathin sections were stained with uranyl acetate and lead citrate, and examined using an EM208S transmission electron microscope (Philips).
Calpain activity assay. The calpain activity assay was performed using the Calpain Activity Assay kit (BioVision) according to the manufacturer's protocol. Briefly, cells were treated with STS for 3 h alone or in the presence of different inhibitors. For each condition, 2610 6 cells were pelleted, and the pellets were resuspended and incubated in the supplied extraction buffer on ice for 20 min. After centrifugation at 10 000 g for 1 min, the clear lysates were transferred to a 96-well microplate, mixed with the fluorogenic calpain substrate Ac-LLY-AFC and incubated for 1 h at 37 uC in the dark. Fluorescence intensity was determined at 400 nm excitation and 505 nm emission by a Tecan fluorescence plate reader.
Reproducibility of results and statistical analysis. All experiments were repeated at least three times, except for TEM analysis, which was performed once. Quantitative data were statistically evaluated using Student's t test and the level of significance was set at P,0.05.
RESULTS AND DISCUSSION
STS triggers apoptotic features in Blastocystis STS, a protein kinase inhibitor, has been shown to induce PCD in all mammalian cells studied so far (Weil et al., 1996; Zhang et al., 2004) and is a valuable tool in PCD studies. STS at a concentration of 1 mM induced in Blastocystis a rapid cell death process with apoptotic features. As shown in Fig. 1(a) , flow cytometry analysis of STS-treated cells showed a reduction in cell size at 3 h. The dot plot of side scatter versus forward light scatter of untreated cells displayed two distinct populations of cells, which have previously been observed in flow cytometry analysis of Blastocystis (Nasirudeen et al., 2001b . The population on the right was a mixture of healthy cells and those undergoing programmed cell death, while the population on the left was dead cells and cellular debris. When treated with STS, the population on the right shifted towards the left, indicating cell shrinkage. The histogram of forward size scatter (Fig. 1b) also showed that STS-treated cells were smaller than controls. The decrease in cell volume is an important early event of apoptosis that distinguishes it from necrosis (Bortner & Cidlowski, 1998) .
Blastocystis cells exposed to STS maintained membrane integrity while they exhibited PS externalization, two further characteristics of apoptotic cells (Fig. 2) . PI, when used in the absence of a cell permeant, can only enter cells with damaged plasma membranes, after which it stains the nucleic acid. Exclusion of PI demonstrates the preservation of membrane integrity. The combined use of PI and Annexin V, which binds to PS exposed on the outer layer of the plasma membrane during apoptosis, can differentiate apoptotic, necrotic and healthy cells. As shown by flow cytometry analysis in Fig. 2(a) , a very low percentage of STStreated cells showed PI-positive staining, similar to that of untreated and vehicle control cells. In contrast, heat-induced necrotic cells showed a very high percentage (86.31 %) of PIpositive cells. While maintaining membrane integrity, STStreated cells had a 33.17 % subpopulation with Annexin Vpositive and PI-negative staining, much higher than that of untreated and DMSO control cells (2.92 and 4.87 %, respectively). The response was rapid, as Blastocystis was treated with STS for only 3 h. The fluorescent microscopy images in Fig. 2(b) show that in Blastocystis cells treated with STS, Annexin V bound to the outer layer of the plasma membrane, since these cells had intact plasma membranes, as shown by the negative PI staining.
DNA fragmentation is a hallmark of apoptosis and usually a late event in apoptosis (Collins et al., 1997) . The TUNEL assay relies on the specific binding of terminal deoxynucleotidyl transferase to exposed 39-OH ends of DNA followed by the synthesis of a labelled deoxyuridine molecule. Hence, formation of DNA strand breaks as a consequence of endonuclease activity can be detected by flow cytometry analysis and expressed as a percentage of TUNEL-positive cells. As shown in Fig. 3 , cells treated with STS for 12 h exhibited 56.09 % TUNEL-positivity, whereas Transmission electron micrographs of STS-treated cells also revealed apoptotic features. As compared with the healthy control, cells exposed to STS for 3 h showed massive cytoplasmic vacuolation (Fig. 4b) . After 12 h treatment with STS, cells still exhibited cytoplasmic vacuolation (Fig. 4c, d) , while margination and segregation of nuclear chromatin was observed in some cells (Fig. 4d) . Large cytoplasmic vacuoles coalesced with the central vacuole in some cells (Fig. 4e) , while condensed cells with collapsed central vacuoles were also observed (Fig. 4f) . Therefore, these results demonstrate that as in mammalian cells, STS is a strong apoptosis inducer for Blastocystis.
Regulation of STS-induced apoptosis by mitochondria and cysteine proteases
Since STS was found to be a strong and robust inducer of apoptotic cell death in Blastocystis, it was used to screen potential regulators of Blastocystis PCD. The mitochondrion and cysteine proteases are the key regulators of apoptosis in higher eukaryotes. Therefore, the mitochondrial transition pore blocker CsA and inhibitors of a range of cysteine proteases were used to pretreat the cells before their exposure to STS (Figs 5, 6 and 7). STS-treated Blastocystis showed 55.3±3 % cells with PS exposure at 3 h and 51.3±1.7 % cells with in situ DNA fragmentation at 12 h (Fig. 7) . CsA completely abolished STS-induced PS exposure and DNA fragmentation. The general cysteine protease inhibitor IA in the concentration range of 10 to 100 mM could inhibit the two apoptotic features in a dose-dependent responses, evidenced by the increase of PS exposure to 65.3±2.6 % (z-LLL.fmk) and 64.6±2.2 % (ALLN), and increased DNA fragmentation to 64.0±2.9 % (z-LLL.fmk) and 62.7±2.0 % (ALLN). However, because it has been reported that the calpain inhibitor ALLN may also inhibit the proteosome (McDonald et al., 2001) , the effect of the proteosome inhibitor epoxomicin was also tested. No inhibition of STS-induced apoptotic features could be observed with epoxomicin pretreatment, indicating that the apoptosis-promoting effect of calpain inhibitors should be due specifically to the inhibition of calpain activity. 
Staurosporine-induced PCD in Blastocystis
Since calpain inhibitors were found to augment STSinduced apoptotic responses, the activity of calpain was assessed to see whether there is any correlation between calpain activity and the apoptotic responses. As shown in Fig. 7(c) , calpain is constitutively active in healthy cells. However, exposure to STS greatly increased calpain activity to double that of the control. As expected, the calpain inhibitors z-LLL.fmk and ALLN completely inhibited the enzymic activity of this protease. Therefore, the data suggest that Blastocystis calpain becomes more active upon exposure of cells to STS and exerts a protective effect against the STS challenge. The general cysteine protease inhibitor IA could inhibit the STS-induced apoptotic responses to some extent, whereas E64D, a broad-range inhibitor of cathepsins and calpains had no inhibitory effect. The different effects of these two protease inhibitors on STS-induced apoptotic responses might be explained by their different inhibitory profiles on calpain activity. Fig. 7(c) shows that E64D is a potent inhibitor of calpain, while IA inhibited calpain activity only moderately. It is likely that the two inhibitors exert a protective effect on the cells by inhibiting an unknown protease which is responsible for mediating the STS-induced apoptosis; however, the cytoprotective effect of E64D is neutralized by its apoptosis-promoting effect through the inhibition of calpain.
In the present study, we have investigated the PCDinducing potential of STS in Blastocystis and analysed the STS-induced apoptotic signalling pathway. Our results demonstrate that the protein kinase inhibitor STS can induce an apoptotic cell death processes with several cytoplasmic and nuclear features of mammalian apoptosis, including cell shrinkage, exposure of PS molecules, maintenance of plasma membrane integrity, extensive cytoplasmic vacuolation, nuclear condensation and DNA fragmentation.
Apoptosis in mammalian cells is mediated primarily by the activation of a family of cysteine proteases called caspases, which cleave substrates critical for cell survival (Taylor et al., 2008) . Another major executionary pathway is through mitochondrial outer membrane permeabilization and subsequent release of cytochrome c and other proapoptotic molecules (Kroemer et al., 2007) . Using the mitochondrial transition pore blocker CsA, we showed that mitchondria also play important roles in the execution of apoptosis induced by STS in Blastocystis, because CsA could effectively abolish STS-induced PS exposure and DNA fragmentation. In Hela cells, mitochondria have been found to have a central role in STS-induced apoptosis, and inhibition of the mitochondrial permeability transition prevents apoptosis (Tafani et al., 2001) . Mitochondrial dysfunction has also been frequently observed among protozoan parasites which are induced to undergo apoptosis (Deponte, 2008) . The involvement of mitochondria in PCD has been suggested to be of very ancient evolutionary origin (Arnoult et al., 2002) . However, the proapoptotic molecules released by mitochondria in Blastocystis may be very different from those of mammalian cells and other protozoan parasites, given its unique taxonomic position in the kingdom Stramenopila and the presence of unusual mitochondria. The mitochondrial-like organelle in Blastocystis has been reported to lack cytochromes and to possess features of both typical mitochondria and hydrogenosomes (Lantsman et al., 2008; Stechmann et al., 2008) . The amitochondrial protozoan parasites Trichomonas vaginalis and Tritrichomonas foetus have been shown to undergo apoptosislike PCD with hydrogenosome transmembrane potential disruption or altered hydrogenosomes (Chose et al., 2002; Mariante et al., 2006) . Further investigation into the mitochondrial mediators of PCD in Blastocystis could shed light on how PCD arose in eukaryotes.
Despite the indispensable role of caspases in mammalian apoptosis, no orthologous sequences have been found in protozoan parasites. Nonetheless, a lot of studies have shown caspase-like activity by the cleavage of synthetic peptide substrates during cell death of protozoa, including Blastocystis (Nasirudeen et al., 2001a) . It has been found that caspase-3-like activity is triggered with a cytotoxic antibody, and that inhibition of the caspase-like molecule by z-VAD.fmk can inhibit the apoptotic features to some extent . In contrast to the involvement of caspase-like molecules in the previous studies, the present data suggest that STS-induced apoptosis is independent of caspase-like molecules, as pretreatment with z-VAD.fmk did not alter the PS exposure or DNA fragmentation induced by STS. However, the general cysteine protease inhibitor IA could reduce the apoptotic responses in a dose-dependent manner, suggesting the involvement of a cysteine protease in the execution of STS-induced apoptosis. As cysteine cathepsins have been suggested to regulate cell death in mammalian cells (Turk & Stoka, 2007) , the effect of inhibitors of cathepsins was examined. Three different inhibitors of cathepsins, namely z-FF.fmk (cathepsins B and L), z-FA.fmk (cathepsins B and L) and CA-074-Me (cathepsin B), were used to pretreat Blastocystis cells before exposure to STS; however, Annexin V and TUNEL assays revealed that the cathepsin inhibitors did not have any inhibitory effect on STS-induced apoptosis.
Interestingly, the calpain inhibitors z-LLL.fmk and ALLN were shown to enhance STS-induced apoptosis, while they potently inhibited calpain protease activity. Calpains are non-lysosomal calcium-dependent cysteine proteases and have been implicated in cell death signalling (Broker et al., 2005) . Calpain has been reported to facilitate caspase-3 activation by initial cleavage of the pro-enzyme (Blomgren et al., 2001) . Cleavage of Bax to the proapoptotic Bax/p18 has been found to be mediated by calpain and to mediate cytochrome c release and the execution of apoptosis (Gao & Dou, 2000) . On the other hand, anti-apoptotic roles for calpains have also been suggested. For example, proteolytic cleavage of p53 protects cells from apoptosis induced by DNA damage (Kubbutat & Vousden, 1997) . Capn42/2 mouse embryonic fibroblasts lack calpain activities and are more susceptible to STS-and tumour necrosis factor (TNF)-a-induced apoptosis. The anti-apoptotic function of calpain might be related to activation of the PI3-kinase/ Akt survival pathway (Tan et al., 2006) . It seems that calpains also play a protective role in STS-mediated apoptosis in Blastocystis. Identifying the substrates of calpain in Blastocystis may help to further dissect the signalling networks that regulate cell death in this organism. It is worth noting that the pretreatment with CsA blocked apoptotic features induced by STS, although calpain activity was still upregulated. Previous studies have shown that apoptotic features induced by a cytotoxic antibody in Blastocystis can be inhibited by the combined use of z-VAD.fmk and CsA, although the cells cannot be rescued from death, suggesting the existence of alternative cell death pathways in this parasite . It is likely that despite rescue of STS-induced apoptosis by pretreatment with CsA, the cells still die through alternative cell death pathways, and thus calpain activity is upregulated as a survival response.
In conclusion, we have shown that STS can induce apoptotic features in Blastocystis, which is mediated by mitochondria and an as-yet-unidentified cysteine protease; furthermore, calpain activity is upregulated to protect the cells from apoptosis induced by STS.
